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Method for expanding the uniformly shielded area in a short-length
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A compensation method is proposed by which the uniformly shielded area of the axial magnetic
field in a relatively short, open-structure axial magnetic shield can be extended. An open-ended
cylindrical magnetic shield of 120 cm in length, 52 cm inner diameter, and0& mm total
thickness of the shielding material is used to demonstrate the idea. The shield axis is oriented along
the horizontal componer{t~-320 mQG of the Earth’'s magnetic field. A simple way to increase the
axial shielding factor is to use a pair of compensating coaxial ring coils set at both open ends of the
shield. This increases, however, the radial gradient of the shielded field since the axial compensation
field is stronger towards the shield axis. In order to decrease the radial gradient, an additional ring
coil is wound around the middle part of the outer surface of the shield. The compensating field
generated by this central ring coil is stronger towards the inner surface of the shield, and it helps,
therefore, to unify the axial resultant field over a wider area inside the shield. The axial shielding
factor obtained with this compensation according to the proposed method is 128, in contrast to only
16.4 obtained with compensation by a set of two ring coils. The field gradients observed are 1.2
uG/cm along the length direction and 2uG/cm along the radial direction, in contrast to the 14
uG/cm axial and 7&G/cm radial gradients obtained with compensation by a set of two ring coils.
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I. INTRODUCTION ground field, which enabled weak magnetic field measure-

Although completely closed magnetic shields can bements by SQUID gradiometefsThe magnetic shields de-

generally considered as being more effective, technical anacnbed in Ref. 2 are designed to be placed in a horizontal

L o . Co osition perpendicular to the ambient magnetic field, and,
scientific applications frequently require shielding enclosure : L

> . therefore, only their transverse shielding performance was

of an open structure. An example of such applications is a . : . . i

: C investigated. Although magnetic shields employing magnetic

biomagnetic field measurement where an easy and free ac;

cess to the shielded area is especially important. A shortShaklng are relatively compact, available space does not al-

open-ended cylindrical magnetic shield becomes a useft}ll\/ayS al.low for locating them perpendicular to the Earth's
tool for weak magnetic field measurements, such as bioma rmagnetic ﬂe'd' More(_)ver, in the case of magne_toer_1cepha_llog-
netic field measurements based on employ’ment of superco%qphy’ a vertical design of an open-_ended cyl|_ndr|_cal shield

. . . . would be more preferable than a horizontal design in order to
ducting quantum interference devic8QUID) gradiometers ccommodate relatively tall SQUID Dewars. Hence, there is
if its axial shielding factor is increased and the gradient of* Y ) '

the residual field is acceptably reduced. It was shown previz-i _need to employ rglatlvely short op_en—gnded cylindrical
. . , shields to shield against axial magnetic fields. A fact well
ously that magnetic shaking allows the construction of rela;

. . . L . known from magnetic shielding theory states, however, that
tively compact, lightweight, open-ended cylindrical m"’lgnetlcrelaﬁvel short open-ended cylinders cannot be as effective
shields that possess a large transverse shielding factore y b y

key to the magnetic shaking method is the use of soft ma in the axial direction as they are in the transverse direction.

. . . : he effect of openings limits the axial shielding factors of
netic materials with a highly rectangulB—H loop and the . ) . .
L . . oo even relatively high-permeability cylinders to less than sev-
application of a relatively high-frequency excitation mag-

L . . . eral tens if their length-to-diameter ratio is about 2-25is
netic field to them. The magnetic shaking mechanism can bg . . .

. ) . evident, therefore, that active open-end compensation of the
explain as follows: the permeability seen for the external

i . I axial external field is needed to realize a large axial shielding
relatively slowly varying low-level magnetic field becomes

high since the energy needed to move domain walls Ll’;actor and a low field gradient with relatively short, open-

mainly supplied by a fairly strong shaking fieldt was also ended cylinders.

. . A simple way to increase the axial shielding factor is to
already shown that active compensation for a transverse ex- : o .
o o . . use a pair of coaxial ring coils set at both open ends to deter
ternal field intruding into the shield through its open ends ) : o )
i ;S . the external field from intruding into the shield. However, a
can provide a sufficiently small and uniform transverse back- . . S
clear drawback of this approach is that the coil pair does not
exactly simulate the profile of the magnetic field induced in

?Electronic mail: Sasada@ence.kyushu-u.ac.jp the cylindrical shield by a uniform ambient field such as the
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\ I-H, FIG. 3. Residual magnetic field measured along the shield axis taking com-
I pensating current,; through the ring coil pair as a parameter.

FIG. 1. Schematic layout of the shielding system.

currentl ;. A large Helmholz coil is used to apply a trans-

Earth’'s magnetic field. The intensity of the compensatiorverse magnetic field to the shield when the transverse shield-
field grows when approaching the shield axis, and it in-ing factor is monitored. The amplitude of the electric current
creases the radial gradient of the shielded field. In order t& the shaking coils was set to 35 mA at 200 Hz. Profiles of
improve this situation, the third ring coil is wound around thethe residual magnetic field measured along the shield axis,
middle part of the outer surface of the shield in order towithout applying any compensation are shown in Fig. 2, tak-
generate an axial compensating field with a distribution thatng the radial positiorx as a parameter. The residual mag-
is stronger towards the inner surface of the shield. The idea igetic field of 41 mG, measured at the shield center, results in
that the current in the coil pair is tuned to cancel the radiaRn axial shielding factor of only 8.
gradient induced by the ring coil pair, thus unifying the field ~ Figure 3 shows results of compensating the residual
profile along the radial direction. magnetic field by using the ring coil pair. Profiles of the
residual magnetic field measured along the shield axis for a
series ofl ; values are shown. It is found that the gradient of
the residual field observed along the shield axis can be ef-
An open-ended cylindrical magnetic shield described infectively reduced by adjusting the currdiptto ~0.8 A. One
Ref. 4 was used for the experiments. The shield consists afan see, however, that the value of the residual magnetic
five narrowly spaced shells of the same len@t20 crm), field near the shield center still remains far above zero.
which were made of Metglas 2705M amorphous tapes 5 criwvhile increasing compensation curréptabove~0.8 A, the
wide and 22um thick. The tapes are wound around a tubeaxial gradient starts to develop in the opposite direction. This
having a 52 cm outer diameter. Three outer shells, each comlemonstrates that the compensation field provided by the
sisting of four layers of amorphous tape, carry a commorring coil pair is not able to simulate the magnetic field in-
toroidal shaking coil50 turng. The fourth shell, consisting duced in the shield by a uniform ambient magnetic field
of eight layers of the tape, carries its own toroidal shakingexactly.
coil (50 turng. The fifth, innermost shell, consisting of four It is also important to compensate the axial gradient of
amorphous tape layers, is not subjected to magnetic shakirtpe shielded field. Figure 4 shows the distribution of the re-
but used to attenuate the leakage of the shaking field frorsidual field measured in different positions along shaxis
the outer shells. The shield was placed horizontally, alongn the middle of the shield2Z=0). One can see that without
the horizontal component of the Earth’s magnetic figdd0  compensation or with only a small compensating current, the
mG). residual magnetic field is largest wher=0 and decreases
Figure 1 shows the experimental setup. As one can seith an increase in th& coordinate. With increasint,, the
the shield is supplied with a pair of coaxial ring coils locatedresidual field reaches a uniform distribution. This happened
in the vicinity of its openings and carrying compensatingbecause the compensating field provided by the ring coil pair

Il. EXPERIMENTS
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FIG. 2. Residual magnetic field measured along the shield axis taking radia#fIG. 4. Residual magnetic field measured along the shield axis vs compen-
positionx as a parametdicompensation is offt;=0; 1,=0). sating current|, through the ring coil pairl,=0).
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FIG. 5. Residual magnetic field measured along the shield axis taking com-
pensating current,, through an additional ring coil as a parameter.

is stronger along the shield axis and gradually decreases to
wards the inner surface of the shield. Although compensating
current,l;~0.7 A, provides a uniform distribution of the re-
sidual magnetic field, it is found that the remaining residual
field level is still large.

By a close inspection of the relationship between the 0
residual magnetic field and the compensating currépt, .
above~0.7 A in Fig. 4, one may consider using an addi- _ Position, z(cm) o
tional compensation coil, providing a stronger field near the'S: 7+ Effectiveness of the proposed meth@. Residual magnetic field
. . . ) measured along the shield axis taking radial positi@s a parametdcom-
inner surface of the shield in order to cancel the radial grapensation is ont,=0.8 A: 1,=1.2 A). (b) A comparison between the data
dient introduced by the ring coil pair. As a coil to satisfy the shown in Fig. 2(the dashed curvgsnd (a).
above condition, we chose a ring coil wound around the
central part of the outer surface of the shield, one carryin

(b)
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g?ﬂethod, adopting the procedure in which the current for the

electric _cur_renﬂz_(sge F_|g. ). Figure 5 shows the rg5|dual . ring coil pair is first adjusted so that the residual magnetic
magnetic field distribution measured along the shield XI3ia1d distribution along the shield axis is as uniform as pos-

when compensation by the central ring coil is employGd‘sible and then the current in the center ring coil is adjusted to

Figure 6 shows the radial distribution of the residual mag-, ¢ the radial gradient zero. The results obtained with this
netic field in the middle of the shieldz&0) versus compen- P

i 0. B ing Figs. 4 and 6 procedure are shown in Fig. 7.
saling curren J2. y comparing Figs. # and o, ON€ can See- - pppiper important factor is to confirm that the transverse
that the radial gradient developed by the central coil is com-

ble. but with ite sian. 1o the radial aradient d shielding performance of the shield is not reduced due to
parable, but with an opposite sign, 1o the radial gradien e[f)ossible saturation of the shielding material by a relatively
veloped by the ring coil pair if ;>>0.72 A. Hence, simulta-

large magnetic field generated by the central compensating

neous employment of both coil sets effectively reduces th%oil. This was tested by applying a transvefgelirection in
radial gradient and improves the uniformity of the residuaIFig 1) magnetic field of 100 mG at 10 Hz using a large

field while keeping the gradient along the axal direction Helmholz coil. The shield axis in this experiment was set

almost unchanged. Further, the level of the residual field '?)arallel to the horizontal component of the Earth’s magnetic

aIsoAreduced tqule. to th(tehai:)ove p_ropc_)s<ted fgo?tpr)]ensfaﬂ?n. field. The experiment revealed that the transverse shielding
_Anessential issue that remains 1S 1o 1ind e Nght COM< . was also increased with the compensations on, in
bination of the two compensating currenis,andl,, for a

: . s which the shielding factor of 323 without compensation
given external axial magnetic field. In the present work

. ’é;rew to 578 with the compensations on.
however, we only confirm the usefulness of the propose
Ill. CONCLUSIONS

A method for compensating axial magnetic field for a
relatively short cylindrical shield with both ends open is
shown to be effective to obtain a low residual field and low
gradient at the same time. An important practical aspect of
the proposed method is that all the compensating coils are
installed outside the shield, leaving the shielded area free of
additional constructing elements.
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